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The mechanical efficiency of a rowing oar during the drive phrase may be
defined as that proportion of the energy put into the oar by the rower which
is ‘usefully’ dissipated in overcoming hull and aerodynamic drag as the boat
is propelled forwards. Ignoring friction in the oar gate/pivot, the remaining
energy is ‘uselessly’ dissipated by the blade as it shifts and churns water. As
an example of energy analysis of propulsion systems, the energy efficiency
for a slipping and a non-slipping car wheel is derived. The same method
applied to the oar, shows that the efficiency of the oar is inextricably related
to the direction of the water reaction force on the blade. If, as is usually
assumed, the force is normal to the oar-shaft direction, the efficiency of the
oar can be expressed as V sinψ/ (ω`), where V is the hull speed through
the water, ω is the rotational speed of the oar, ` is the distance from the
gate to the centre of force on the blade, and ψ is the angle of the oar-
shaft to the boat forward direction. We consider the efficiency of the oar
from catch to square-off, using data gathered from an elite eight rowing at
the Australian Institute of Sport. We show that, except for a degree or
two of oar-sweep at the catch, when the force is negligible, the efficiency
is greatest towards square-off, where a greater portion of the blade force
is directed forward, which agrees with the results of Affeld et al. (Int.
J. Sports Medicine, 14:S39-S41, 1993). Correlations of force profile shape
with average efficiency show that a later application of the maximum force,
nearer square-off, is generally more efficient than an earlier application.
However, since the oar efficiency increases with boat speed, less efficient
oars, for which the maximum force is applied near the catch, cause a greater
increase of the boat speed early in the stroke, and this tends to enhance
the efficiency of all the oars later in the stroke.
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1. INTRODUCTION
Efficiency and power/speed are not the same thing, and the most efficient rower
does not necessarily win a race, just as the most fuel efficient car in the world is
not going to win a Formula 1 race. On the other hand, rowing races over 2000 m,
lasting approximately 5 to 7 minutes are not truly sprints, and attention must be
paid to efficiency/endurance, just as the results in Formula 1 races could depend
on how many stops for fuel must be made. But in general, ‘pulling harder’ (more
power input) will make the boat go faster, even if it lowers the efficiency somewhat.
Roughly speaking, the mechanical efficiency of the oar is that fraction of the en-
ergy put into the oar by the rower (via the handle) which goes towards propelling
the boat forwards. Cabrera and Ruina [4] have estimated the mechanical efficiency
of oars as 84% over the entire rowing cycle. Hofmijster et al. [9] measured the
mechanical efficiency of oars (as rowed by a number of different athletes), obtain-
ing results in the range 78-83%. As Cabrera and Ruina say, these efficiencies are
comparable to or better than the efficiency of propellers.
In this paper we consider whether the catch (when the blade is first placed in
the water and the oar shaft makes its smallest angle to the forward direction) is
significantly more or less efficient than when the oar is square to the boat. Ideas
about the relative efficiency of the catch versus square-off have probably influenced
theories of how to apply the force during the power stroke; for example, whether it
is better to apply the bulk of the force in the early or later part of the stroke, or
whether a more uniform application of the force should be the goal. For example,
Mallory [15, 16] describes his preferred ‘force curve’ as one that increases smoothly
from the catch to a maximum about half way through the drive and decreases
smoothly to the release.1 He does not say that his preference is based on efficient
oar angles but this would be one way to take advantage of a supposed greater
efficiency near square-off. As the Atkinsopht rowing page expresses it: ‘Intuition
might tell one that the peak force should coincide with the oarshaft ninety-degree
point’ [3]. In contrast, Kleshnev [10] specifically recommends against ‘applying
the peak force in the middle of the drive’ because, he says, a force which is more
evenly applied over the entire drive is ‘essential for increasing blade efficiency’. He
recommends a quick application of force at the catch, a force which increases quickly
to a steady value which is ‘[maintained] at the finish’. It is not clear how the force
1The ‘force curve’ shows how the force applied to the handle varies with time. The varying force
could also be shown as a function of oar angle through the sweep. During the drive, a ‘sweep’
oar rotates through about 90◦ starting at about 35◦ to the forward direction; the ‘mid-point’
of the drive is ahead of square-off by about 10◦. In the second reference [16], Mallory depicts
his ideal force curve as an (inverted) parabola, symmetric about the middle of the stroke. We
have no special information about what sequence of muscle activation by the rower produces a
particular shape of force curve, or whether similar force curves could be produced by different
means. Mallory’s views (mentioned later) about how to produce different force curves at least
seem plausible.
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can be maintained until the finish2, but according to Mallory [15, 16] the early
peak or maximum, with sustained middle, is the result of the sequential use of the
leg-drive, then the back-swing and finally the arm-effort, whereas the force profile
which reaches its maximum near the middle of the drive arises from the concurrent
application of leg-drive, back-swing and arm-effort through the entire stroke.
What might be called the ‘intuitive theory’ as expressed by the Atkinsopht quote
above, is that, at the catch the blade produces a large component of lateral force
(the ‘pinching force’) so that energy is wasted pushing water sideways (which would
be inefficient), while only a small forward (or propulsive) component of force is
produced on the blade. When the oar is square to the boat (making an angle of 90◦
to the forward direction) the water reaction on the blade face is directed forwards,
so it might seem that all the work being done by the rower is directed to propelling
the boat forward, which would be efficient. Affeld et al. [1] report measurements
they made on single scullers which at least partly supports this ‘intuitive’ theory;
although they report a high efficiency in the first few degrees of the drive after
the catch, this is followed by a sudden decrease in efficiency for oar angles from
about 35◦ to 70◦ (to the forward direction), followed by increasing efficiency up to
square-off (90◦).
The idea that the catch is the most efficient part of the stroke has a significant
following. For example, ‘Rowperfect News’ online (accessed Dec 2007) says the oar
at the catch ‘works very efficiently to convert your work into propulsion’ and that
square-off ‘is the least efficient’ part of the stroke, and other oar manufacturers
seem to imply similar ideas. Wellicome [22], in 1967, may have been the first to
give reasons to suggest that the catch may be more efficient than intuition would
suggest. Wellicome speculated that
‘any vortex system close to the tip of the oar would result in considerable
force being generated along the edges of the blade so that the total force
would not be at right angles to the blade surface. This means that the
force on the oar, particularly early in the stroke, will be much more
nearly fore and aft (which is what is wanted) than the position of the
oar would suggest’ ([22], p.24).
Nolte [18] is a more recent advocate of the idea of the enhanced efficiency of the oar
at the catch.3 Mallory [16] describes the predominant style of rowing in the US,
at least in the late twentieth century, as ‘attacking the catch very hard’ sometimes
described as an ‘explosive leg drive at the catch’ [15, 16, 17], which produces a large
force early in the stroke. This style may have been influenced by the idea that the
oar is most efficient at the catch.
We have data for one particular Australian first-class crew, rowing at the Aus-
tralian Institute of Sport, which allows us to determine when the oar is most effi-
cient, at least when rowed in the style adopted by that crew. The data was gathered
by Dr. V. I. Kleshnev, and made available to us (personal email, 16 Feb 2004); all
oars in an eight for a range of stroke rates and average boat speeds are covered. We
see in Figure 1 different force profiles for the different rowers in this crew; some show
early application of the maximum force, some show a more uniform application of
the force, and some show a late application of the maximum force. These different
force profiles might be the natural result of some oars ‘taking up the strain’ when
2All published force curves that we are aware of show the force decreasing over the last 20% or
so of the stroke
3We have not read Nolte’s German language publication [18], and so base our interpretation on
a personal communication (email dated 18 June 2005) and a magazine article [19].
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FIG. 1. Water reaction force developed on the blade from catch to square-off. Eight oars
at 31.8 strokes/minute. Mean boat speed is 6.16 m/s.
the power from the other oars is less. Each rower may be subconsciously adjusting
his style to make a greater contribution where he can, although we can not test
that conjecture here. But we can examine the differences in efficiency between the
various force curves.
1.1. Direction of net blade force
The efficiency of the blade is inextricably linked to the direction of the water
reaction on the blade. It can be shown [13] that the water friction forces parallel to
the blade surface are negligibly small compared to the pressure forces which push
against the blade4. Thus the total water force on any small part of the blade is
virtually normal to the blade surface. The net effect of varying pressure forces,
acting on all the differently facing curved surfaces of the blade, could add up to a
force in any direction, but if the difference between the pressure forces on the two
sides of the blade are approximately uniform along the blade length, the net force
(on the entire blade) would be normal to the average direction of the blade face, i.e.
normal to the oar-shaft5. One can postulate (as did Wellicome [22]) a non-uniform
distribution of pressure around the blade so that the net pressure force on the blade
has a component parallel to the oar-shaft, which would improve the efficiency in
the first few degrees of sweep.
As far as we know no one has published any measured data for this postulated
component of force parallel to the oar shaft axis during real rowing; this force would
not be detected by measurements of oar bending. Available experimental evidence
(for steady flow model tests) is inconclusive; there may be a small component
of force in the direction postulated by Wellicome, but the inevitable bending of
the oar will produce a component of the blade force in the opposite direction [13].
Within this range of possibilities the efficiency of the oar may vary by a few percent
either way, but the relative efficiency of the oar at the catch, or square-off or any
intermediate part of the drive is not significantly changed [13], and so we base our
4In contrast, the total friction forces on the hull of a racing rowing boat are large compared
to the net pressure forces. The long, thin hull shape produces a relatively small net pressure
force because the pressure forces on the stern (pushing forward) are almost enough to cancel the
pressure forces on the bow (pushing backwards).
5However, see [13] for a discussion of the possible effect of the asymmetric shape of the blade
face (wider/deeper at the tip compared with its depth where it joins the oar-shaft), which could
produce a small component of the net pressure force parallel to the oar-shaft axis.
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analysis on the assumption that the net water reaction force on the blade is in fact
normal to the oar-shaft axis.
2. EXAMPLE: PROPULSIVE EFFICIENCY OF A CAR WHEEL
By way of example, we first consider the propulsion of a car, and calculate the
efficiency of the driven wheels. The external forces acting on the car, are shown in
the sketch below.
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These external forces are
1. The ‘drag force’D, directed to the left, which is the sum of all the aerodynamic
forces (air friction and air pressure) which oppose the car’s motion.
2. The ‘wheel force’ W acting at ground level, which gives the car an impulse to
the right. We say wheel force, but it could more accurately be called the ‘ground
force’; it is the reaction force with which the ground pushes on the car. It is equal
and opposite to the force with which the wheel is pushing on the ground.
If the car is moving at a constant speed, the sum of these external forces must be
zero. That is W − D = 0, or W = D. If the wheel force is larger than the drag
force then the net external force is positive and the car accelerates, until the drag
force (which increases with car speed) is equal to the wheel force.
We now consider the rate at which energy is flowing out of the car when it is
cruising at a constant speed V to the right. A force acting on a particle (a small
element of mass) causing it to move in the direction of the force is doing work
which is converted to kinetic energy of that particle.6 When the direction of the
force opposes the velocity of the particle, energy is extracted from the particle and
it slows down. The force the air is exerting on the car is distributed over the surface
of the car,7 and each point of that surface is moving to the right with speed V . The
components of the surface forces in the direction opposite to the car’s velocity (the
drag forces) are extracting energy from the car, tending to decreases its speed. The
energy extracted from the car goes into moving and heating the air surrounding
the car.
The rate at which the drag force is extracting energy from the car is the product
of the entire drag force D, and the speed with which the car is moving V . Thus
E˙drag = D × V = DV.
We will call the rate at which energy is extracted from the system by the drag force
the ‘useful power’ or ‘propulsion power’:
E˙prop ≡ E˙drag = DV.
6Mechanical work ≡ Force × distance moved in the direction of the force is a form of energy.
Other forms of energy relevant to rowing are kinetic energy of translation 1
2
mv2 (where v is the
speed of a mass m), heat energy, and chemical energy which is released by chemical reactions
inside a rower’s body. Energy may be converted from one form to another. The unit of energy is
the Joule (or calorie in the Imperial system).
7For simplicity we are assuming that no aerodynamic drag force acts on the wheels.
6 M. N. MACROSSAN AND N. W. MACROSSAN
We call it useful power because in a race, we are trying to achieve a high speed V ,
and the larger V is, the greater will be the power dissipated by drag.8
Let E˙wheel denote the rate at which energy is extracted by the wheel force (it
might be zero in a particular case). The total rate at which energy is extracted is
E˙out = E˙drag + E˙wheel ≡ Eprop + Ewheel.
We know that the energy of the car must be decreasing at this rate, but which
part of the car’s energy is decreasing? It is not the kinetic energy of the car –
the car speed is constant. It is the chemical energy of the car which is decreasing.
The fuel contains chemical energy which is released as it is burnt. Some of that
released energy is lost as heat, some is converted to mechanical rotational energy
of the crankshaft in the engine. Some of that crankshaft energy is lost by friction
(converted to heat) while the remainder is transmitted down the drive shaft and
through the gears to the wheels. But the energy analysis tells us that energy is
being released from the fuel at at least the rate Eout to account for the energy
extracted by the drag force and the wheel force. Thus the rate at which fuel energy
is being released just to account for the drag force and the wheel force is
E˙fuel = E˙prop + E˙wheel.
We define the efficiency of the propulsion system as the fraction of this fuel power
which is consumed by propulsion (overcoming drag). This efficiency is
η =
E˙prop
E˙fuel
=
E˙fuel − E˙wheel
E˙fuel
= 1− E˙wheel
E˙fuel
.
The energy extracted by the wheel is wasted; it represents energy taken from the
fuel which is not going towards propulsion, that is, not going to overcome the drag
force.
To evaluate E˙wheel, which is the rate of work done by the ground forceW resisting
the motion of the wheel, we have to consider the velocity of the point (the little
element of mass) on the wheel on which the force W acts. This is the point on
the wheel which is touching the ground at any instant of time. If the wheel is not
slipping, this point of contact is not moving - it has zero velocity with respect to
the ground. The rate of work done by the wheel force acting against the stationary
point of contact is zero, i.e.,
E˙wheel =W × 0 = 0.
The wheel force is not putting any energy into the car, or extracting any energy.
You have to think of an endless succession of ground forces which are called into
existence at different points on the wheel. Since each force is not moving it does
no work on the wheel or the ground.9 The efficiency of the non-slipping wheel is
η = 1− E˙wheel
E˙fuel
= 1− 0
E˙fuel
= 1.
The non-slipping wheel is 100% efficient.
8If we were designing a car we would think of the energy dissipated by drag as a ‘useless’ energy,
something to be decreased by changing the shape of the car.
9We are ignoring a tiny movement of the ground molecules as the wheel comes in contact with
the ground surface. Some ground molecules are pushed closer to their neighbours on one side and
away from their neighbours on the other side. The forces between molecules are extremely ‘stiff’;
a negligible displacement of the molecules is required to develop the ground reaction force.
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3. EFFICIENCY AND ‘WHEEL SLIP’
We next consider how the wheel might be inefficient, which amounts to asking
how the wheel could extract some energy from the system. One example is common:
the wheel might be slipping backwards against the ground, so that the point of
contact is not stationary. If the wheel turns too fast for the current car speed,
the wheel slips (and ‘burns rubber’ in extreme cases). Let the slip speed of the
wheel contact point across the ground be vs. The rate of energy extracted from the
system by the ground/wheel force, acting against a moving point, is now
E˙wheel =Wvs.
The total rate of at which energy is extracted from the system is
E˙out = E˙drag + E˙wheel = DV +Wvs.
The amount of fuel power which reaches the drive wheel can be evaluated as
the product of the torque (or twisting force), denoted T , which is applied to the
axle and the angular speed of the wheel ω, measured in ‘radians per second’.10 We
will call this power delivered to the wheel the ‘input power’; the input power was
provided by the fuel. Thus
E˙fuel ≡ E˙in = Tω. (1)
For constant car speed the input power must equal the output power. Thus
E˙in = E˙out = E˙drag + E˙wheel
E˙prop ≡ E˙drag = E˙in − E˙wheel
E˙prop = Tω −Wvs.
When the wheel is slipping, not all the energy delivered to the wheel goes towards
overcoming drag; the system speed is reduced to make the propulsion power E˙prop ≡
DV equal to Tω −Wvs, rather than equal to Tω when the wheel is not slipping.
The lost power is Wvs, and the mechanical efficiency is
η =
Tω −Wvs
Tω
= 1− Wvs
Tω
which is less than 1 (less than 100% efficient). Since the torque applied to the wheel
is T = Wr, where r is the wheel radius, the loss term can be expressed as a speed
ratio
Wvs
Tω
=
Wvs
Wrω
=
vs
v0
where v0 = rω is what the car speed would be if the wheels were rotating at the
rate ω and not slipping. The efficiency can be written as
η = 1− Wvs
Tω
= 1− vs
v0
. (2)
We can get this same result by considering the entire system which consists of
the car, engine and fuel tank. We know that the useful power or propulsion power
10The ‘radian’ is approximately 57.3◦. ‘Torque’ is the product of a force and its ‘lever arm’.
For a wrench tightening a bolt, torque is the product of the force applied at right angles to the
handle and the distance of the force from the centre of the bolt.
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FIG. 2. Schematic of the entire rowing system showing the external forces acting on the
system: the drag force D and blade forces B acting at a distance ` from the oar pivot. The oars
make a variable angle ψ to the forward direction. The rower is represented as a ‘fuel tank’ – a
store of chemical energy which can be converted into heat and mechanical energy.
is the power dissipated by the drag force DV . We know that energy flows out of
the system when the wheel slips, and the wheel power dissipation is E˙wheel =Wvs.
Hence we know that the fuel must be providing at least the sum of these two energy
flows, i.e. E˙fuel = DV +Wvs to the system. We calculate the efficiency as
η =
propulsion power
fuel power
=
DV
DV +Wvs
=
V
V + vs
=
v0 − vs
v0 − vs + vs = 1−
vs
v0
which is exactly the result given by Eq. 2. Here we used the fact that W = D
(propulsion force equals drag force when the car speed is constant) and the fact
that the car speed V = v0 − vs. If the slip speed vs is equal to v0, then V = 0 and
the car stays in the one spot spinning its wheels. Thus the efficiency from Eq. 2 is
zero; a fully-slipping wheel is dissipating all the power supplied to the drive axle.
4. ENERGY FLOWS IN ROWING PROPULSION
Figure 2 shows a schematic view of a rowing boat in motion. The rower is
represented as a store of chemical energy, part of which is converted to mechanical
energy which rotates the oars. The rower is delivering mechanical energy (derived
from chemical energy) to the oar handle at a rate
E˙in = Tω, (3)
where T is the torque applied to the oar and ω is the ‘sweep’ angular speed of the
oars. If the blade does not dissipate any of this energy, all the energy delivered
to the oar would go towards overcoming the hull drag and increasing the kinetic
energy of the entire system during the power stroke. If the blade does dissipate
some energy then the ‘propulsion’ part of the power delivered to the oar is
E˙prop = E˙in − E˙blade, (4)
UQ MECH. ENG. REP. 2008/05 9
where E˙blade is the rate of energy dissipation by the water reaction force on the
moving blade. We define the mechanical efficiency of the oar, as
η =
E˙prop
E˙in
=
E˙in − E˙blade
E˙in
= 1− E˙blade
Tω
. (5)
Kleshnev [11] and Cabrera and Ruina [4] use a slightly different definition of effi-
ciency since they include in the input power (E˙in), not just the handle power, but
also the rate at which work is done by the rower on the hull, via the foot force. For
their analysis of the overall efficiency of rowing propulsion (over the entire cycle,
including the recovery) they are right to consider the work done moving the rower.
But in our analysis we are concerned with the mechanical effectiveness of the oar
in part of the cycle only (from catch to square-off), i.e. we want to know how much
of the rotational energy supplied to the oar is converted to linear kinetic energy
of the system. We follow Wellicome [22] in using this ‘local efficiency’ of the oar.
Eq. 5 is also the same as that given by Affeld et al. [1] (p. S40).
5. SLIPPING AND SLIDING
The blade velocity through the water can be resolved into two components:
1. The slipping component, which we define as the speed at which the blade
moves in the direction opposite to the direction of the water reaction force on the
blade (the ‘blade force’); it is this motion of the blade which dissipates energy.
2. The sliding component, which we define as the speed at which the blade moves
in the direction normal (at right angles) to the direction of the force on the blade,
and therefore at right angles to the slipping motion; ignoring friction, this motion
of the blade does not dissipate energy.
We must be careful here to distinguish our blade ‘slip velocity’ from a different
component of the blade velocity through the water which is sometimes given that
name. For example, Nolte [19] and McBride [17] have used the terms positive and
negative ‘slip’ to refer to what we would call a forward and backward component
(parallel to the boat) of the blade velocity. Names are not important, as long as it
is remembered that when we say the blade is slipping we are not merely saying that
it is moving through the water; we are saying that the blade has a component of
motion through the water in a specific direction, that is, opposite to the direction
of the water reaction force on the blade.
It is usually assumed [1, 2, 5, 7, 8, 9, 21, 22] that the blade force acts in the direc-
tion normal to the oar shaft axis, or does so to within ‘2-3%’ [10]. The only explicit
statement we can find that the direction of the blade force may be significantly
different from the normal direction is that by Wellicome [22] already mentioned.
Even so, when Wellicome goes on to analyze the rowing stroke he assumes that the
blade force is normal to the blade chord-line (basically the shaft direction).11 As
mentioned in the introduction, we will also assume the force is normal to the oar-
shaft axis; a more detailed analysis [13] shows that the possible effect of the force
direction postulated by Wellicome, or the effect of oar-bending, makes virtually no
difference to the relative efficiency of the oar from catch to square-off.
The blade force, acting at the centre of pressure of the blade during a typical
rowing stroke is shown in Figure 3(a). The force is drawn as an arrow which shows
the direction and relative magnitude of the force. The magnitude was determined
11The chord-line for the curved blade is the line from the trailing edge of the blade, where it
joins the shaft, to the blade tip (farthest from the shaft). This line is virtually parallel to the oar
shaft axis, if we ignore the oar bending.
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(a) Blade force vectors (b) Slip velocity vectors
Origin of x-y axes arbitrary. Distances relative to undisturbed water.
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from the measurements made by Kleshnev, which we consider later. Let vn be the
component of blade velocity in the direction normal to the oar shaft. This is also
the slip velocity vs, the speed at which the blade moves ‘backwards’, relative to the
direction of the force. This slip velocity at various parts of the stroke is shown in
Figure 3(b) as a series of vectors. An explicit expression for the magnitude of vs as
it varies through the stroke is given in Eq. 7.
The slip component of blade velocity (the ‘slip speed’ vs = vn) is significant for
oar efficiency in the same way that wheel slip speed is significant for the efficiency
of a wheel; it is slip which dissipates energy. The rate at which energy from the
system is dissipated by the blade is
E˙blade = Bnvs. (6)
Since the useful propulsion power is E˙in− E˙blade, the greatest efficiency, for a given
E˙in, is achieved when the blade power dissipation Bnvs is small. Thus the oar-blade
is working most efficiently when vs is small, i.e. when it slips the least. However,
this high efficiency could only be of practical importance if a significant blade force
could be generated when vs is small. Scale-model, steady-flow tests of the Macon
and Big Blade shapes [6], show a very small force coefficient (less than 1.5% of
the maximum force coefficients) for ‘zero angle of attack’, i.e. for vn = vs = 0.
Unlike for the scale-model tests, each element of the real blade being rowed has
a different velocity relative to the water. It is far from clear that even this very
small force at zero angle of attack can be achieved in practice. Thus we get a
significant propulsion force only when there is a component of blade velocity in the
slip direction (see Figure 4). Thus, if the direction of the water reaction on the
blade (the blade force) is normal to the blade chord-line, the oar rowed through
water can never be 100% efficient (even if the sliding friction between the blade and
the water is ignored).
6. NO-SLIP ROWING
‘No-slip rowing’ is illustrated by the rowing boat passing between two perfectly
circular rigid posts (bridge supports say) set into the bed of the river, as shown
schematically in Figure 5. The boat is rowed with the oars in sliding contact with
the posts and, for purposes of illustration, we will assume that this sliding contact
is frictionless and that the oars do not bend. The reaction force from the post is
normal to the oar shaft axis. Since the point of contact does not move along the line
of action of the force, the oars do not slip against the force and the force extracts
no energy from the system. All the work done on the oars goes towards overcoming
the hull drag, and this single stroke is 100% efficient, just as the non-slipping car
wheel was 100% efficient.
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FIG. 5. A rowing boat passing between two bridge support posts. The oars slide against
the (assumed frictionless) posts as torque is applied to the oars.
One could also calculate the reaction forces exerted by the posts on the oars,
then take the forward, or propulsive, component of the forces, and determine how
they accelerate the system, then deduce the final speed Vs of the system, and the
final kinetic energy 12msV
2
s . It turns out that, in the absence of water drag on the
hull, all the work done on the oar handle (the energy input) ‘appears’ as increased
final kinetic energy of the system. Baring friction against, and deflection of, the
posts the only place the energy can go, other than into the kinetic energy of the
oars and the rower, is into increasing the linear kinetic energy of the hull.
7. BLADE SLIP AND OAR EFFICIENCY
Now consider real rowing again, where the blade must react against water (a
fluid) rather than a rigid solid. Consider the extreme oar orientations in turn:
1. Blade at the catch (ψ is small): When the blade first enters the water at the
catch, the blade is moving predominantly forward with the hull velocity through
the water, and the blade velocity in the slip direction (normal to the blade) is small,
as seen in Figure 3. Since the blade is ‘sliding’ more than it is ‘slipping’ we might
expect this to be the most efficient part of the stroke.
2. Blade square to boat (ψ = 90◦): The blade velocity is directly backwards,
directly against the blade force. In order to develop some net reaction force from
the water, the blade must be moving with respect to the water – it must be slipping.
The blade slip speed is readily calculated from the orientation of the oar (ψ), its
rotational speed in the horizontal plane (ω ≡ ψ˙) and the boat speed through the
water (V ). It is (see Figure 3, lower diagram)
vs = ω`− V sinψ, (7)
so the power dissipated by the blade is
E˙blade = Bnvb = Bnω`−BnV sinψ. (8)
We can now evaluate the useful/propulsion power of the oar. From Eq. 4
E˙prop = E˙in − E˙blade
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= Tω − (Bnω`−BnV sinψ)
= Bnω`−Bnω`+Bn sinψ V
= Bn sinψ V (9)
where we have evaluated the power input Tω as Bnω`, that is, the work done
against the blade force acting at a distance ` from the pivot.12 Note that
Bn sinψ ≡ Bx (10)
is the propulsion force, that is, the forward component of the water reaction on the
blade, and BxV is the propulsion power. To calculate the efficiency we compare
this propulsive power with the power input. Thus
η =
E˙prop
E˙in
=
Bn sinψ V
Bnω`
(11)
=
V sinψ
ω`
. (12)
Wellicome [22] (p. 48, equation 1) derives a local efficiency of the oar which is
equivalent to Eq. 12, when the angle between the direction of the blade force
and the normal to the chord-line is zero. Van Holst [20] also gives Eq. 12 as the
instantaneous (or local) blade efficiency.
Equation 12 compares the boat speed component in the direction normal to the
blade (i.e. V sinψ) to the blade rotational speed relative to the pivot (i.e. ω`).
Although the efficiency in Eq. 12 appears to be independent of the force Bn, and
can be used to calculate efficiency from pure kinematics, i.e. without knowing the
forces applied, the measured blade rotation ω will generally increase as the force
applied to the handle increases. Thus we expect the efficiency to decrease as a
greater force is applied to the oar. The direct relationship between efficiency and
boat speed, which may be seen in Eq. 12, can be understood in terms of a car and
its slipping wheel. When the car speed is high it is more difficult to spin the wheels,
even when the maximum power is applied; few cars are like the Little Deuce Coupe
which could ‘get rubber in all four gears’, as reported by the Beach Boys. Similarly,
when the boat speed is high it is more difficult for the oars to slip.
8. THE HYDROFOIL THEORY
Those who are familiar with rowing literature may have wondered why we have
not mentioned the so-called ‘lift’ force on the rowing blade, which is the name often
given to the component of the blade force at right angles to the blade velocity
vector [1, 2, 7, 8, 10, 17, 18, 19, 21]. Nor have we mentioned the ‘drag’ component
of the blade force, i.e. the component of the blade force in the direction parallel
and opposite to the blade velocity. We could have calculated the blade dissipation
as the blade speed × the drag component of the blade force, as for example Affeld
et al. [1] and Kleshnev [11] have done. We chose instead to express the blade
dissipation as the blade force × the slip component of the blade velocity. These are
equivalent ways of evaluating what is called the ‘dot product’, − ~B · ~vb.
Nor have we claimed that the rowing blade acts ‘like a hydrofoil/airfoil/airplane
wing’. The earliest reference we have found to the blade acting ‘like the wing of an
aeroplane or a hydrofoil’ and producing a ‘lift’ force is by Edwards in 1963 [8]. He
12Because of the linear and rotational inertia of the oar, and acceleration of the pivot (gate)
attached to the accelerating hull, this torque is slightly out of phase with the torque applied at
the handle. We ignore this effect.
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noted that the blade is set at an ‘angle of incidence’ (angle of attack) to its velocity
through the water and refers to the force on the blade as the ‘lift’ when he says13
the ‘lift’ ... is approximately at right angles to the [chord-line]. (p. 78.)
If the water reaction force on the blade is approximately at right angles to the chord
line then the superficial similarity of a blade to a hydrofoil is not significant; a force
in this direction has a significant drag component which dissipates energy, whereas
a hydrofoil/airfoil has a small drag component of force [13]. Saying the blade force
‘has a drag component’ and the blade velocity ‘has a slip component’ are two ways
of saying the same thing: that the angle between the force vector and the velocity
vector is not 90◦ and therefore the blade is slipping and is dissipating some energy.
It is not always clear what more recent authors mean to imply by the hydrofoil
analogy, but many who speak of the lift force also assume the blade force acts at
right-angles to the blade chord-line/oar-shaft axis.14 They resolve this blade force
into its lift and drag components (using the angle of attack) and then combine
these components (using the angle of attack and oar angle) to get the forward
propulsive force. As van Holst says ‘this is a rather indirect approach’ [20] and
we think it is potentially confusing. If the force is assumed to be normal to the
oar-shaft direction, it is much simpler to resolve the force directly into propulsive
and pinching components; all that is needed is the oar angle.
9. OAR EFFICIENCY FROM CATCH TO SQUARE-OFF
Equation 12 (the slip speed ratio) shows that we need only measure the hull speed
V and the oar rotational speed ω, for different oar angles ψ through the stroke, in
order to evaluate the blade efficiency achieved by a particular rower. Dr. V. I.
Kleshnev has supplied data that allows us to do this (personal communication 16
Feb 2004). Dr. Kleshnev instrumented a racing eight to gather kinematic and dy-
namic data. This boat was rowed by an elite men’s crew at the Australian Institute
of Sport, where Dr. Kleshnev was based from 1998-2004. The hull was fitted with
an accelerometer, a Nielsen-Kellerman ‘SpeedCoach’ impeller to measure the hull
speed through the water, as well as an electromagnetic sensor which measures water
speed relative to the hull by detecting the electric current induced as the (slightly
ionized) water flows through an imposed magnetic field. The hull acceleration can
be integrated to get the variation of hull speed over the cycle.15 The data also
includes the bending torque (detected from bending strains in the oar shaft at the
gate). We can calculate the water reaction force on the blade using the equations of
motion for the rotating oar [14, 7]. Further details of the data gathering techniques
are given by Kleshnev [12].
13The term ‘lift’ comes from aeronautical practice, where the lift force, at right angles to the
airplane’s velocity, opposes the gravity force when the airplane is in level flight. Those who speak
of the lift force on the blade do not mean to imply that the force ‘lifts’ the boat out of the water;
the force acts in the horizontal plane, not the vertical plane. The analogous ‘lift’ direction for the
blade (in the horizontal plane) is at right angles to the blade velocity, not the blade chord-line, so
Edwards’ terminology is not rigorous.
14Some authors speak of a ‘suction force’ acting on the back of the blade as though this is an
extra force by which the water is pulling, rather than pushing, the oar. ‘Suction’ merely means
that a fluid is pushing on a surface in a flow with a pressure less than the pressure in the fluid far
upstream of the immersed body. The water pressure can decrease locally on the back of the blade,
and the water level will be lowered locally, but the pressure can never be less than the atmospheric
pressure to which the back surface is then exposed. This imposes a ‘Froude number’ limit to the
force coefficients that can be developed on the blade, which seems to make hydrofoil/airfoil theory
of little use for this flow which occurs at the air-water interface [13].
15The acceleration alone does not tell us the hull speed. We assume Kleshnev has taken the
average of the two speed measurements (by different methods) as the best estimate of the mean
hull speed over the cycle.
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(a) Efficiency η (b) Propulsive power E˙prop
FIG. 6. Seat 1 (bow seat). 21.1 strokes/min. Efficiency rom catch to oar angle ψ = 90◦.
Efficiency decreases as the oar rotates rom catch to about ψ = 50◦. η from Eq. 12. E˙prop from
Eq. 9.
Data points are sampled at 50 discrete equal time intervals over the cycle, and
in most cases the first data point in the power stroke is a few hundredths of a
second after the catch. This was repeated over many cycles (strokes) and we have
the average values of all variables at the 50 points through the ‘average’ stroke.
Fig. 6(a) shows the data for one oar (at 21.1 strokes/minute) where the data point
was sampled almost immediately after the catch. At this moment, the slip speed
is almost zero, because the force is almost zero, and the blade is almost 100%
efficient. By the time the second data point is sampled, approximately 0.055s later,
after the oar has swept through about 5◦, the efficiency drops to just over 0.75.
The instantaneous propulsive power produced by this oar as it sweeps from catch to
square-off is shown in part (b) of the figure. Very little propulsive power is provided
near the catch and the propulsive power is greatest at square-off. The accuracy of
the data is not great enough to identify exactly when the water reaction on the
blade first develops; the moment of first contact with the water may be anywhere
in the first 0.055s, but in any case it is clear that the efficiency falls quickly almost
immediately after first contact, as the reaction force on the blade develops, and the
propulsive power increases. After another 0.055s the oar has swept through about
another 5◦ to an oar angle ψ ≈ 47◦. At this stage the efficiency is at its lowest,
just less than 0.75. The efficiency increases as the oar approaches square, and is
at a local maximum just before square-off. The average efficiency for this oar is
η¯ = 0.82 over the oar angles shown.
9.1. Efficiency and power
There are two interrelated but opposing influences on the efficiency of the oars.
The local oar efficiency was given in Eq. 12, repeated here for convenience:
η =
V
ω`
sinψ.
From this we expect the blade efficiency to increase with boat speed V , but to get
a greater boat speed the blade forces must be greater. Therefore the rate of oar
rotation ω has to increase, the slip of the blade must be greater and the efficiency
tends to decrease. By considering all the oars at the same stroke rate (and therefore
at the same average boat speed) we can see a relationship between average efficiency
from catch to square-off and input power as shown in Figure 7(a). The results
show considerable scatter but there is some evidence that the efficiency decreases
for the more powerful oars, for both the lowest boat speed (V¯ = 5.19 m/s at 21.1
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FIG. 7. Efficiency for oars in Men’s eight. (a) Each oar for different input power E˙P /η
and stroke rate. The dashed lines indicate a trend only: for a fixed rating, efficiency decreases as
power increases. (b) Mean efficiency of all oars for different boat speed V¯ . Ratings of 21.1, 28.1,
31.8, 40.8 strokes/minute.
strokes/min) and the highest boat speed (V¯ = 6.65 m/s at 40.8 strokes/minute).
Figure 7(b) shows that the average efficiency increases with average boat speed for
the first three data points, but is slightly less than maximum at the highest boat
speed.
9.2. Shape of force profiles
In an empirical study, Kleshnev [10] found that ‘flatter’ (more rectangular, more
uniform) force profiles, as measured by a ‘shape factor’ (the ratio of average to
maximum force)
S ≡ B¯/Bmax, (13)
were generally more efficient than more peaked profiles. Kleshnev’s reported corre-
lation coefficients are r = 0.48 and p = 1%. The positive value of r indicates that
the efficiency tends to increase as S increases, and the p value indicates there is
only a 1% chance that the correlation could be due to chance alone. However the
value of r = 0.48 does not indicate a particularly strong relationship.
In contrast, the intuitive theory would suggest that peaked force profiles, with
more of the force being applied later in the stroke, when the oar is approaching
square, might lead to greater overall efficiency – in other words that the force
should build to a maximum somewhere near square-off. We can try to quantify the
‘lateness’ of each force profile by finding the oar angle which is, in effect, the ‘centre
of force’, i.e. the weighted average oar angle where the weighting is proportional
to the force developed. This angle is
ψcof = Bnψ/Bn, (14)
where we have confined the averaging to the sweep from the catch to square-off.
Roughly speaking, ψcof is the angle where most of the force was applied, but it
need not coincide with the angle at which the maximum or peak force occurred.
For a perfectly rectangular force profile, both Kleshnev’s shape factor S and our
‘centre of force’ angle ψcof will be larger than they will be for front-loaded profile.
Our parameter, however, can differentiate between two different non-uniform force
profiles, which may have the same shape factor, but a different ‘centre of force’ i.e.
ψcof will be larger for a late-loaded force profile than for a front-loaded profile, even
though S may be the same for the two profiles.
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(a) Seat 1: S = 0.78, ψcof = 66.0◦, (b) Seat 7: S = 0.66, ψcof = 66.8◦
FIG. 8. Blade ‘force profiles’ for two oars in men’s eight at 21.1 strokes/minute. Horizontal
line shows value of force shape factor S = B¯/Bmax which measures the ‘flatness’ of the profile.
The vertical line at ψ = ψcof is the angle where the ‘major part’ of the force is applied (Eq. 14).
The force curves for two different oars (seats 1 and 7, at the same rating 21.1
strokes/minute) are shown in Figure 8. It can be seen that the force for seat 1 (the
bow seat) is considerably ‘flatter’ (S = 0.78) than the force for seat 7 (S = 0.66).
On the basis of the shape factor theory, we would expect that seat 1 would be more
efficient than seat 7, but the average efficiencies for these two oars are virtually
identical at η¯ = 0.801 and 0.799 respectively (the average efficiency for each seat
at this rating is shown in Figure 9). It appears that the small shift of the ‘centre of
force’ from an angle of 66.0◦ to 66.8◦ might have counteracted the negative influence
of the much larger decrease in the shape factor S.
9.3. All oars at all ratings
Average efficiencies from catch to square-off for all the oars at this rating (21.1
strokes/min), are shown in the table included with Figure 9. The table also includes
the average of the propulsion power given by
E˙P ≡ E˙prop = Bn sinψ V . (15)
The table also gives the maximum force Bmax developed on the blade of each oar,
as well as the shape factor S (Eq. 13) and angle ψcof (Eq. 14). All averages are
taken over the data from catch to square-off only.
The most powerful oar (seat 4, E˙P = 928 W) is the least efficient (η¯ = 0.742),
while the most efficient oar (seat 2, η¯ = 0.869) is providing considerably less propul-
sion power (E˙P = 676 W). This is as we expect since the most powerful oar must
slip more while developing the greater force. The variation, through the stroke, of
efficiency for these two oars is also shown in Figure 9. The trends are the same as
we saw in Figure 6. The efficiency is lowest for oar angles between 40◦ and 50◦.
The average efficiency for all oars at a rating of 28.1 strokes/minute is shown in
Figure 10. Seat 4 is again the most powerful (E˙P = 939 W) and least efficient
(η = 0.780). Seat 2 is the most efficient (η¯ = 0.902) put produces the smallest
propulsive power (E˙P = 736 W). Seat 8 produced the smallest maximum force
(Bmax = 235 N) and seat 4 the largest maximum force (Bmax = 333 N). The
curves for efficiency for seat 8 and seat 4 show that efficiency drops just after the
catch and increases towards square-off. For the larger applied force (seat 4), the
efficiency just after the catch drops much more drastically than for the smaller
force. The contribution to propulsion by seat 4 (E˙P = 939 W) is considerable
greater than that for the more efficient seat 8 (E˙P = 761 W).
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Seat 4: η¯ = 0.742 (928 W) Seat 2: η¯ = 0.869 (676 W)
Seat 8 7 6 5 4 3 2 1 Average
η¯ 0.783 0.799 0.778 0.786 0.742 0.809 0.869 0.801 0.80
S (Eq. 13) 0.701 0.656 0.719 0.762 0.722 0.759 0.709 0.776 0.73
ψcof (Eq. 14) 65.1 66.8 66.5 65.9 62.0 66.7 67.1 66.0 65.8
E˙P (Eq. 15) 611 790 641 788 928 791 676 662 736
Bmax 228 311 234 269 348 269 240 248 268
FIG. 9. Mean hull speed V¯ = 5.19 m/s (21.1 strokes/minute). η¯ is mean efficiency. E˙P
is mean propulsion power (W). Bmax is maximum force (N). Graphs show η vs. oar angle.
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Seat 8: η¯ = 0.796 (Bmax = 235 N) Seat 4: η¯ = 0.780 (Bmax = 333 N)
Seat 8 7 6 5 4 3 2 1 Average
η¯ 0.796 0.806 0.801 0.803 0.780 0.834 0.902 0.831 0.82
S 0.762 0.731 0.746 0.755 0.754 0.808 0.704 0.753 0.75
ψcof 64.6 67.5 65.0 64.6 62.0 66.4 66.6 66.2 65.4
E˙P (W) 761 910 787 923 939 872 736 812 843
Bmax (N) 235 314 274 290 333 251 237 249 273
FIG. 10. 28.1 strokes/min. V¯ = 5.76 m/s. Notation as in Fig. 9.
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Seat 4: η¯ = 0.793 (ψcof = 64.5◦) Seat 3: η¯ = 0.859 (ψcof = 67.0◦)
Seat 8 7 6 5 4 3 2 1 Average
η¯ 0.821 0.825 0.816 0.817 0.793 0.859 0.907 0.846 0.84
S 0.750 0.735 0.741 0.770 0.700 0.811 0.736 0.750 0.75
ψcof 65.1 66.3 63.0 62.3 64.5 67.0 67.2 66.4 65.6
E˙P (W) 827 1086 864 1019 1152 937 913 946 968
Bmax (N) 239 322 286 319 367 270 263 272 292
FIG. 11. 31.8 strokes/minute. V¯ = 6.16 m/s. Notation as in Figure 9.
For the rating 31.1 strokes/min we have compared the efficiency curves for seat
4 (the most powerful, least efficient oar) with seat 3 (see Figure 11). These oars
have a low and high value of ψcof , i.e. the force for seat 4 was applied earlier in the
stroke. For both oars there is the characteristic decrease in efficiency immediately
after the catch, and the rise to higher efficiencies approaching square-off. The curve
for seat 3 is more uniform compared to that for seat 4, and the values of S = 0.811
for seat 3 and S = 0.700 for seat 4, show that the force profile was ‘flatter’ or more
uniform for seat 3. Thus the higher inefficiency for seat 3, η¯ = 0.859 compared with
η¯ = 0.793 for seat 4, could be attributed to either a delayed application of the bulk
of force, or a more uniformly applied force or both.
For the rating of 40.8 strokes/minute, we compare two oars (seats 7 and 6) which
deliver similar amounts of power. The efficiency curves for these seats are shown
in Figure 12. The greater propulsive power of seat 7, E˙P = 1153 W compared with
E˙P = 1053 W for seat 6, corresponds to a greater efficiency (η = 0.823 rather than
η = 0.809). Thus seat 7 is about 9% more powerful and about 2% more efficient
than seat 6. This is contrary to our general expectation that increased power comes
at a price in efficiency, so we will look in more detail at the force curves for these
two oars in §10.
Figure 13(a) shows the average oar efficiency (for all eight oars) varying with oar
angle from catch to square off, for a rating of 31.8 strokes/minute. At the catch,
when the force developed on the blades is less than 1% of its maximum value, the
efficiency is indeed very high, but this lasts for only an instant. At 0.04 seconds
after the catch, when the force is 18% of its maximum value, the efficiency has
dropped to about 0.75, and after another 0.04 seconds, when the force has reached
47% of its maximum, and the oar angle is 45◦ to the forward direction, the efficiency
is at its lowest (approximately 0.72). The efficiency rises as the oars rotate further
and remains above 0.85 as the oars sweep from 55◦ to 90◦ (square-off). The average
of the propulsive power from all eight oars through the sweep up to square-off is
shown in Figure 13(b). The maximum propulsive power is before square-off. The
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Seat 7: η¯ = 0.823 (S = 0.788) Seat 6: η¯ = 0.809 (S = 0.680)
Seat 8 7 6 5 4 3 2 1 Average
η¯ 0.810 0.823 0.809 0.815 0.797 0.841 0.907 0.829 0.83
S 0.760 0.788 0.680 0.726 0.712 0.739 0.857 0.790 0.76
ψcof 65.1 66.3 63.0 62.3 64.5 67.0 67.2 66.4 65.2
E˙P (W) 1070 1153 1053 1216 1324 1145 970 1167 1137
Bmax (N) 283 320 347 344 376 305 249 295 315
FIG. 12. 40.8 strokes/minute. V¯ = 6.65 m/s. Notation as in Figure 9.
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FIG. 13. (a) Oar efficiency vs. oar angle ψ. (b) Propulsive power vs. oar angle ψ. Average
for all eight oars at 31.8 strokes/minute. The time since the catch, and force developed on blade
as percentage of final maximum force, are shown for the first three data points in (a). Efficiency
for each oar is given by Eq. 12. Propulsive power for each oar is given by Eq. 9.
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FIG. 14. Force profiles for seat 6 and seat 7 at 40.8 strokes/min (left) and 21.1 strokes/min
(right). For both ratings, seat 7 is both more efficient and more powerful than seat 6, even though
seat 6 momentarily applies the greater force for the higher rating.
shapes of these curves for efficiency and propulsive power are similar to those found
by Affeld et al. [1] for single scullers. The somewhat lower efficiencies for the single
scullers are probably the result of the lower hull speeds compared to the eight.
10. EFFECT OF THE FORCE PROFILE
When we compare the forces for two of the oars discussed above (seats 6 and 7)
we see a clear difference between the force profiles; see Figure 14. At the higher
rating of (40.8 strokes/miinute, Fig. 14(a) the less efficient seat 6 has a greater
maximum force (at oar angle of ψ = 55◦) but the force falls away quickly from the
maximum as the stroke proceeds. This difference is reflected in Kleshnev’s shape
factor S = B¯/Bmax, which is greater for the flatter (and more efficient) curve of
seat 7.
The shape factor does not tell the whole story however, as can be seen in Fig-
ure 14(b) for the lower rating (21.1 strokes/minute). Here the force for seat 6 is
fairly constant over the oar angles from 50◦ to 80◦, while the force for seat 7 reaches
a marked peak at about ψ = 70◦. The flatness of the force curve for seat 6 is ex-
pressed by its large value of S = 0.73 compared to S = 0.66 for the curve for seat
7. Nevertheless, seat 7 is once again the most powerful and most efficient of these
two oars, i.e. the shape factor fails in this case to identify the more efficient oar,
and misses by a large margin. We think most coaches looking at the force curves in
Figure 14 would prefer that for seat 7; it is clearly the more powerful. When asked
about the efficiency of seat 7 some may suspect the blade is slipping more, and
that its greater power came at a price in efficiency. But this is wrong as the later
application of force for seat 7, when the oar is more efficient, gives it the better
overall efficiency, as well as the greater power.
Consider now the correlations of average efficiency η¯, with the force shape factor
S, in Figure 15(a), and with centre-of-force angle ψcof , in Figure 15(b). We find that
average efficiency generally increases with shape factor (r = 0.30 and p = 9.6%),
as Kleshnev found [10], but is also positively correlated with ψcof . The correlation
coefficients for ψcof (r = 0.60 and p = 0.03%) show that this is a stronger and more
reliable relationship than that found for S.
Our correlation coefficients for efficiency with shape factor S are different from
those reported by Kleshnev. There are a number of reasons why we expect this.
Kleshnev assumed the force applied at the blade was directly proportional to the
measured bending of the oar, ignoring the effect of rotational inertia of the oar.
22 M. N. MACROSSAN AND N. W. MACROSSAN
0.65 0.7 0.75 0.8 0.85
0.74
0.76
0.78
0.8
0.82
0.84
0.86
0.88
0.9
0.92
FORCE PROFILE SHAPE FACTOR: S 
M
EA
N
 E
FF
IC
IE
NC
Y
CORRELATION: r = 0.3, p = 0.096
21.1/min
28.1/min
31.8/min
40.8/min
(a) S = B¯/Bmax: r = 0.30, p = 9.6% (b) ψcof : r = 0.60, p = 0.03%
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(a) Effect of force ‘uniformity’ as measured by shape factor S = B¯/Bmax. (b) Effect of ‘lateness’
of maximum effort as measured by ψcof .
Because of the rotational inertia of the oar, the shape of the blade force profile is
different from the shape of the bending strain (or handle force) profile, particularly
at the catch and immediately after it ([14], Fig. 3) when the oar is accelerat-
ing. Also Kleshnev measured the shape factor of the entire force curve from catch
to release, and was concerned with the propulsive efficiency of the entire cycle,
while we have measured forces and efficiency for part of the cycle, from catch to
square-off. Furthermore, our results are based on one crew only so that many other
possible complicating factors are eliminated (differences in skill, fitness, body size,
equipment, rigging and so on).
11. DISCUSSION
In the light of the interdependence of the oars, and the trade-off between propul-
sive power and efficiency, it is not clear that firm recommendations can be based
on these findings. For the one eight-man crew we looked at, the oar providing the
greatest absolute amount of energy going into propulsion was the least efficient, at
all ratings. That this may not be true for all crews, is at least suggested by the
fact that we could find two oars in this boat for which the more powerful was also
the more efficient of the two.
All the oars in one boat are ‘linked’ by the same hull speed V and by having
similar rotational speeds. The most powerful rowers establish a hull speed greater
than would be ‘normal’ for the less powerful rowers. The less powerful oars then slip
less than they might otherwise, so the less efficient but more powerful rowers help
to make all the other oars more efficient. Perhaps the most powerful rowers could
be coached to be more efficient by applying their effort more evenly or by delaying
their maximum force somewhat, while the less powerful worked more on increasing
their strength and exerting a greater force on the handle. However, there may be
unexpected effects because of the interdependence of all the oars in the same boat.
A larger blade area decreases the slip required to develop the water reaction force
at the blade which will balance the applied handle force. For a given applied handle
force, as determined by the skill and strength of the rower, a bigger blade face area
would be expected to slip less, and be more efficient. This was confirmed by Affeld
et al. [1] who found from dynamic measurements of rowers in action that the Big
Blade was some 3% more efficient than the Macon blade, which had a smaller blade
area. We agree with the recommendations on the Atkinsopht rowing page that the
‘blade area should be [at least] as large as the rower can easily manage’ [3]. School-
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age rowers regularly use the same oar blade areas as older, more powerful rowers.
We would be surprised, for example, if a 90 kg, 193 cm tall, male athlete could not
comfortably handle a larger blade face area than a school-girl could. There may
well be a best oar-blade size for each rower.
We find little to be said for the idea that a large force can be applied at the catch
and the early part of the stroke will be the most efficient. If, as seems likely, the net
water reaction force on the blade is very close to normal to the oar-shaft axis, the
high efficiency at the catch would last only as long as the force was very small and
doing virtually nothing towards propelling the boat. Further, even if the direction
of the force deviates by a few degrees (either way) from normal to the oar-shaft
axis at the handle, the shape of the efficiency curve versus oar angle is basically
the same [13], so that the general conclusions based on the assumption of a normal
force need not be significantly changed.
We find a positive correlation between a later force application (larger value of
the parameter ψcof ) and a greater average efficiency which is stronger than the
correlation between a more uniform force and efficiency. The observed increase in
efficiency for more uniform force profiles (larger values of S) reported by Kleshnev
does not necessarily contradict our result; if the ‘non-uniform’ force profiles in
Kleshnev’s collection of uniform and non-uniform profiles were generally peaked
towards the catch, rather than towards the release, then the more uniform profiles
in his collection, would have the larger values of ψcof and the larger values of S.
These results suggest that it may be possible to increase the average blade ef-
ficiency from catch to square-off by applying a greater force when the oar is ap-
proaching square (where the efficiency is high). Different rowers may have different
views on how to achieve this, but according to Mallory [15, 16] the maximum force
will be near the middle of the stroke (i.e. about 10◦ before square-off) if the leg-
drive, body-swing and arm-effort all start together at the catch, and finish together
at the release. Note that a late application of the force, as measured by a high value
of the parameter ψcof , does not entail that the symmetrically shaped force curve
preferred by Mallory has been achieved. Furthermore, since our analysis does not
extend beyond square-off, it is possible (as far as our analysis is concerned) that
applying the peak force later than square-off might be even more efficient.
For a shorter stroke, the blade force (if it acts within a few degrees of normal
to the oar-shaft) would be more nearly pointing in the forward direction for a
greater proportion of the stroke. Since our results support, in effect, the intuitive
theory that square-off is more efficient than the early part of the stroke, it might be
worth re-exploring the idea of shorter strokes at a higher rating. We do appreciate,
however, that adverse effects might arise from shorter strokes and higher ratings,
some of which are mentioned by us in [14].
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